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ABSTRACT 
SYNTHESIS GAS CONVERSION WITH ZSM-5 SUPPORTED RUTHENIUM CATALYSTS 
Robin Elizabeth Young Eaton, Master of Science 
Virginia Commonwealth University, 1983. 
Major Director: Dr. Gordon A. Melson 
Some bifunctional ZSM-5 supported ruthenium catalysts (Ru/ 
ZSM-5) were prepared by an extraction technique employing Ru 3(C0) 12 • 
The weight percentage Ru ranged from approximately 1% to 8% Ru as 
determined by Atomic Absorption Spectroscopy. Characterization data 
employing Infrared (IR) Spectroscopy, X-ray Powder Diffractometry 
(XRPD), X-ray Photoelectron Spectroscopy (XPS/ESCA), Ion-Scattering 
Spectrometry (ISS) and Chemisorption were obtained for the catalysts. 
The data indicated the presence of highly dispersed Ruo2 particles of 
0 
less than 60 A on the surface of the as-prepared (AP) catalysts. 
Calcination of the AP catalysts at 500°C for 24 h increased the 
particle size of the Ruo2 species. Characterization of the Ru/ZSM-5 
Used catalyst with the highest Ru loading indicated the presence of 
Ru 0 and Ruo2 species suggesting that reduction of this AP catalyst 
was incomplete. 
The AP catalysts were evaluated for their ability to convert 
synthesis gas to hydrocarbon products. A 1:1 H2:CO synthesis gas 
mixture was used in a continuous flow microreactor from 260°C to 
320°C. Gas chromatography was employed for analysis of the gaseous 
effluent. The oil fraction (C5-c 11 hydrocarbons) was analyzed by 
Fluorescent Indicator Adsorption (FIA) Chromatography. At 300°C, 
the oil fraction obtained from the 0.98% Ru/ZSM-5 catalyst was 
composed of 71 % aromatics, 4% olefins and 25% saturates . The 
catalytic data obtained for the 2.88% and 7.32% Ru/ZSM-5 catalysts 
are similar; it is concluded that there is no increase in the num-
ber of active metal sites for the conversion of synthesis gas due 
to layering of the Ru species in the 7.32% Ru/ZSM-5 catalyst. Fur-
thermore, the two higher loadings of Ru did not cause the production 
of high yields of aromatics as obtained from the 0.98% Ru/ZSM-5 
catalyst. This may be due to blockage of the acid sites in the 
ZSM-5 support which are known to catalyze the production of aromatics. 
It was concluded that the AP catalysts contained highly dis-
persed small particles of Ru02 on the zeolite surface and agglomera-
tion occurs when the catalysts are calcineff in air. Also, the AP 
catalysts were found to be active for the Fischer-Tropsch reaction. 
The oil produced by using these catalysts has a high aromatic content. 
Correlations between the catalyst structure and activity for the 
conversion of synthesis gas have been drawn. 
I. INTRODUCTION 
The drastic escalation in the price of crude oil, coupled with 
a worldwide realization concerning the rapid depletion of crude oil 
and natural gas reserves, has led to the revitalization of coal as 
a potential world energy source. The technology for converting coal 
into liquid fuels and chemical feedstocks has existed for over 50 
years (1) with its start when German scientists were confronted with 
the problem of inadequate oil reserves; however, their country pos-
sessed vast quantities of coal for use as an energy source. The 
conversion of coal into a variety of products can be achieved by four 
different processes. These processes are pyrolysis, solvent extrac-
tion, direct liquefaction and indirect liquefaction. 
Coal has a very complex structure, and this structure varies 
depending on the type and sample of coal. A representation of the 
structure of bituminous coal is shown in Figure 1 (2). The conver-
sion of this complex structure to a variety of products can involve 
a process that partially degrades the coal producing liquid products, 
or a process that partially degrades the structure of coal forming 
single carbon containing products and hydrogen, then these low molec-
ular weight compounds are used in the formation of liquid products. 
1 
2 
Figure 1: A representation of the structure of bituminous coal. 
3 
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The processes of conversion vary slightly in their actual procedures 
for the production of the liquid fuels. 
In the method of coal conversion known as pyrolysis, the coal is 
directly heated in the absence of air, this causes the decomposition 
of the coal into tar and gas products. The tar and gas are treated 
in a separation and cleanup stage producing a clean gas and a liquid 
fuel. The major drawback to the pyrolysis technique is the large 
quantity of by-products in the form of gas and char which must be 
disposed of in an economically feasible manner (3-5). 
The second process for the conversion of coal differs from the 
other processes, because in the solvent extraction technique the coal 
is first dissolved in a solvent at low pressure. Hydrogen is then 
transferred to the coal from the hydrogen-rich solvent in order to 
convert the coal into synthetic crude oil. A portion of the coal 
remains undissolved after the formation of the oil, so the remaining 
coal undergoes a gasification step employing steam to yield hydrogen. 
In this process, sulfur, which is present in the coal, will cause 
sulfur impurities in the fuel products. Furthermore, the products 
need to be upgraded by further hydrogenation in the presence of a 
catalyst (4,5). 
In the process of coal conversion referred to as direct lique-
faction or catalytic hydrogenation, the coal is crushed in the pres-
ence of a solvent to form a slurry. This slurry is then placed into 
a reactor where it reacts with hydrogen under high pressure and high 
temperature. A catalyst is usually present in the reactor to encour-
age the conversion of the slurry to hydrocarbon products. However, 
5 
a problem with this conversion process is that the liquid products 
are difficult and expensive to upgrade into the desired liquid fuels. 
Another undesirable aspect of the direct liquefaction process is 
that sulfur and inorganic compounds are present in the coal and are 
not removed before the crushing occurs. Therefore, these species 
can cause the rapid deactivation of the catalyst (2-4,6). 
The indirect liquefaction process incorporates two steps for 
the conversion of coal. Initially, the coal undergoes a gasification 
step which produces a mixture of hydrogen, carbon monoxide, methane, 
carbon dioxide and hydrogen sulfide. By a scrubbing process, the 
hydrogen sulfide and a large percentage of the carbon dioxide are 
removed from the mixture. The remaining gas, referred to as synthe-
sis gas, contains a mixture of approximately 84% carbon monoxide and 
hydrogen with 16% methane and carbon dioxide. The synthesis gas was 
flowed into a reactor system containing a catalyst; the role of the 
catalyst is to enhance the production of gaseous, liquid or solid 
products. With the indirect liquefaction method for coal conversion, 
the liquid products are of high quality and the synthesis gas does 
not lead to sulfur poisoning and early deactivation of the catalyst 
(2,4-6). The Fischer-Tropsch reaction is an indirect liquefaction 
process for coal conversion, and ~his reaction has the capability of 
producing a wide range of hydrocarbon products by varying the catalyst 
and the reaction conditions. 
A historical survey of the Fischer-Tropsch reaction dates back 
to 1902 with the classical methane synthesis producing methane from 
synthesis gas by using a nickel catalyst reported by Sabatier and 
6 
Senderens. Approximately 10 years later, several patents were pub-
lished by the Badische Anilin und Soda Fabrik containing information 
on the reaction of synthesis gas with alkali-activated cobalt and 
osmium oxides supported on asbestos as catalysts for the production 
of alkanes, alkenes, alcohols, aldehydes, ketones and acids. In 
1923, Franz Fischer and Hans Tropsch observed similar findings using 
alkalized iron turnings as a catalyst, and afterwards they began the 
development of the coal conversion reaction that bears their names. 
During the next 20 years, research in the area of the Fischer-Tropsch 
reaction expanded and, by World War II, Germany was capable of pro-
ducing large quantities of gasoline and diesel fuel for their use. 
After the war, Fischer-Tropsch plants were also built in Japan, 
France and Manchuria. However, a new situation arose in the 1950's 
when foreign petroleum supplies became inexpensive and abundant. It 
became more economical to produce the needed fuels and feedstocks 
from petroleum rather than coal. Therefore, research in the field 
of the Fischer-Tropsch reaction came almost to a complete halt. The 
work is this area before the 1950's has been reviewed by Pichler (7), 
Masters (8), Henrici-Olive and Olive (9), O'Hara (10), Vannice (11), 
Storch, Golumbic and Anderson (12) and Anderson (13). 
Today, the only corrmerical Fischer-Tropsch plants in existence 
are in South Africa. In 1951, the construction of the SASOL (Surd-
Afrikaanse Strenkool-Olie-en Gaskorporasie Beperk) complex began, 
and SASOL-I plant started operation in 1955 (8). The output of 
this plant had reached 240,000 tons by 1966 (14). The second phase 
of this complex, SASOL-II, underwent construction in 1975 and began 
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production in 1980; it is now the world's largest commerical plant 
that produces fuels and chemicals from coal. Furthermore, the com-
pletion of SASOL-III is scheduled for this year, which will take 
South Africa closer to its goal of independence from imported crude 
oil (15). The process employed by the SASOL complex uses iron-based 
catalysts and upon varying the conditions is able to produce a range 
of products which include liquid petroleum gas (C3 and c4 hydrocar-
bons), gasoline range hydrocarbons (c5-c 11 ), diesel fuels (c9-c 25 ) 
and paraffins (3,8,16,17). These Fischer-Tropsch plants are opera-
tional in South Africa due to the nation's desire to become inde-
pendent of external oil supplies and the existence of extremely 
large deposits of coal which are mined at low cost (8). The situ-
ation is not as clear-cut in other nations of the world. Although 
strong research efforts in Fischer-Tropsch chemistry exist in both 
private and governmental sectors in the United States, large scale 
production of fuels from coal by the Fischer-Tropsch reaction is not 
being employed at the present time. 
The Fischer-Tropsch reaction leads to a wide diversity of pro-
ducts, and this aspect of the reaction has lead to the proposal of 
several different mechanisms. In general, the mechanisms account for 
the range of products; however, the supporting evidence for the mech-
anisms is usually indirect and the interpretations can vary immensely. 
The three mechanistic approaches are: the hydroxy "carbene" mecha-
nism, the formyl (carbon monoxide insertion) mechanism and the carbide 
mechanism. All three mechanisms are attempts for the explanation of 
the hydrocarbon synthesis from carbon monoxide and hydrogen. The 
8 
mechanisms are represented in Figures 2, 3 and 4. The species illus-
trated in the figures are representative surface species, the steps 
of the mechanisms are formation of the active species, polymerization 
and finally desorption or chain termination. 
The hydroxy "carbene" and the formyl (carbon monoxide inser-
tion) mechanisms begin with the formation of the hydroxy "carbene" 
and formyl species, respectively, which occur due to the reaction 
of hydrogen. Chain growth is thought to occur via condensation of 
these groups with elimination of water and the addition of hydrogen. 
Termination occurs by the final two reactions shown in Figures 2 
and 3 forming methane or longer chain hydrocarbons. The carbide 
mechanism differs from the other two mechanisms due to the disso-
ciative adsorption of the carbon monoxide. Fischer and Tropsch, 
in 1926, are believed to have proposed that the reaction proceeded 
by the formation of intermediate metal carbides which react on the 
catalysts surface to form methylene groups. These methylene groups 
are thought to polymerize on the surface to form hydrocarbon chains 
which desorb as saturated or unsaturated hydrocarbons. The methylene 
species, also, reacts with hydrogen to form methane. The experi-
mental data tend to suoport the carbide mechanism involving the 
dissociation of the carbon monoxide leading to the carbide spec1es 
rather than the oxygenated surface intermediates of the other two 
mechanistic approaches (8,18-29). 
The mechanisms for the Fischer-Tropsch reaction indicate that 
the hydrocarbon formation occurs by a polymerization process in which 
one carbon unit is added at a time to the chain. The termination of 
9 
Figure 2: The hydroxyl "carbene" mechanism for hydrocarbon synthesis 
from carbon monoxide and hydrogen . 
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Formation of the hydroxy "carbene" species: 
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Figure 3: The formyl (carbon monoxide insertion) mechanism for the 
production of hydrocarbons from carbon monoxide and 
hydrogen. 
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Formation of the surface formyl: 
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Figure 4: The carbide mechanism for hydrocarbon production from 
carbon monoxide and hydrogen. 
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the chain growth occurs by a desorption process. A limitation to 
the Fischer-Tropsch reaction is the product distribution (30). The 
kinetics of the reaction is believed to follow the polymerization 
kinetics described by Flory (31,32). Calculations have been per-
formed to yield a graph that is shown in Figure 5, and this graph 
shows the variation of the typical product split with the degree of 
polymerization (9,13,31-36). From the diagram, the maximum for the 
gasoline range hydrocarbons is approximately 47%, and the maximum 
for diesel fuels is about 42%. The only product that can be formed 
selectively is methane. Therefore, due to the low overall yield of 
products, including gasoline, the economic feasibility of this pro-
cess has a hurdle to overcome. 
The mechanistic and kinetic studies on different Fischer-
Tropsch systems have indicated that improved efficiency and selec-
tivity is desired for new catalytic systems. Therefore, in this 
work a heterogeneous catalyst has been developed in an attempt to 
achieve both of these goals. A bifunctional catalyst can be devel-
oped by the addition of a hydrogenating-dehydrogenating component, 
usually a Group VIII metal, to a support surface (37). A feature 
conmon to Group VIII metals is their outstanding ability to chemisorb 
a large number of gases and hydrocarbons. The catalytic activity of 
the metals is related to their ease and strength of adsorption of 
the reactants (38). For this study, ruthenium metal was deposited 
on the zeolite support, ZSM-5 (39). Thus, the catalyst system of 
ruthenium on ZSM-5 is referred to as bifunctional because the metal 
is involved in the activation of the reactants and the initiation of 
16 
Figure 5: Variation of the typical product split with degree of 
polymerization. 
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the polymerization of the reactants which effects the efficiency of 
the system (40-42). Also, the zeolite support detennines the selec-
tivity of the process by controlling the type and the molecular 
weight of the products (43,44). 
The metal, ruthenium, has been shown to be active for the 
reaction of synthesis gas to hydrocarbon products (7,10,12,45). At 
elevated temperatures, ruthenium is thought to adsorb carbon monoxide 
in the same manner as iron (46). Under these conditions, iron and 
ruthenium adsorb the carbon monoxide in a dissociative manner, where 
the active surface carbon is formed from the dissociation of the 
carbon monoxide molecule. This type of adsorption leads to the 
production of hydrocarbon products. However, there is a second type 
of carbon monoxide adsorption, known as molecular adsorption, where 
the carbon monoxide adsorbs to the metal as a single unit. Adsorp-
tion by this method leads to the production of oxygenated products 
(47). Ruthenium in the form of trirutheniumdodecacarbonyl was 
employed for the catalyst preparation, and the structure is repre-
sented in Figure 6 (48). The reason for using metal carbonyls is 
because they decompose to produce a high dispersion of the supported 
metal or metal oxide particles on the zeolite. Also, transition-
metal carbonyls are known for catalyzing olefin and carbon monoxide 
reactions for the production of complex organic molecules (49). 
The metal alone cannot accomplish both of the desired goals of 
improved efficiency and selectivity; therefore, the catalyst system 
involved the use of the complex aluminosilicate, ZSM-5, as the support. 
Mobil developed and patented the zeolite ZSM-5 (50). The letters ZSM 
19 
Figure 6: The structure of trirutheniumdodecacarbonyl, Ru 3(C0) 12 . 
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stand for Zeolite Socony Mobil, and the number 5 refers to the penta-
sil rings which make up the framework structure of the zeolite. This 
framework structure and a pentasil ring are depicted in Figure 7. 
The ZSM-5 framework has been reported to contain two intersecting 
channel systems which are represented in Figure 8. One of the chan-
0 
nel systems is straight with an elliptical cross-section of 5.7 A by 
0 
5.1 A and runs parallel to the b-axis of the orthorhombic unit cell; 
however, the other channel system is sinusoidal (zig-zag) with near-
0 
circular channels of 5.4 A diameter which are directed along the a-
axis (37,39,51,52). This unique intersecting channel structure 
present in the ZSM-5 plays an important role in this zeolite's sel-
ectivity for certain products and freedom from coke deposits (39, 
53-55). 
\ 
ZSM-5 has the following unit cell composition M;[(Al02)x 
(Si02 ) 100_xJ·~l6H20 where x is 0.5 to 25 which leads to the Sio2; 
A1 2o3 molar ratios of about 20 to greater than 8,000 (39,50,56,57). 
This change in the Si02/Al 2o3 ratio causes several properties of the 
ZSM-5 to vary and some of these composition dependent properties are 
ion-exchange capacity, catalytic activity and hydrophobicity. There 
are other properties of ZSM-5 that do not vary with the Si02/Al 203 
ratio, and these include the X-ray diffraction pattern, pore size 
and volume, framework density and refractive index (56,58-60). The 
counter ion is represented by M; in the unit cell, and this cation 
is commonly Na+ when the zeolite is initially prepared; however, by 
ion-exchange the cation may be varied to incorporate the desired ion 
+ (39,50,56). In this work the ZSM-5 was received in the NH4 form. 
Figure 7: a. The framework structure of ZSM-5. 
b. The front pentasil ring is outlined in this small 
section of the ZSM-5 structure. 
22 
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a. 
b. 
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Figure 8: The intersecting channel system of ZSM-5. 
25 
26 
ZSM-5 and other zeolites have the property of solid acidity 
which is important in the area of catalysis. The active sites in 
shape-selective catalysts are most often acidic sites in either the 
Broosted or Lewis form. To gain an understanding of these acid 
sites, consider the silica-alumina framework, the silicon is tetra-
valent while the aluminum is trivalent and the charge is compensated 
for by the cation. This framework of the zeolite is shown schema-
tically in Figure 9 with ammonium as the counter ion. Upon calcina-
tion, the ammonium form of ZSM-5 is converted to the hydrogen form 
with the release of ammonia. The newly formed proton sites possess 
Bronsted acidity. Lewis acid sites are also obtained from heating 
the zeolite and in Figure 9 the aluminum possesses Lewis acidity . 
These acid sites present in zeolites have been found to be effective 
for the catalytic cracking and isomerization of hydrocarbons and 
for the conversion of olefins and methanol to aromatics (37,38,51,54). 
Therefore, zeolites are being employed for numerous catalytic process. 
ZSM-5 has been employed by Mobil in a two step process for the 
conversion of synthesis gas to gasoline. In the Mobil process, the 
first step involves the conversion of synthesis gas to methanol, 
and then the methanol is passed over the acidic form of ZSM-5 to 
produce gasoline in a 90% yield (53). Other studies indicate that 
catalysts of ZSM-5 have been involved in selectively producing 
certain products which include para-xylene from methanol (37,44, 
61,62), ethylene from methanol (55), c2-c4 olefins from synthesis 
gas (51) and c2-c10 hydrocarbons from oxygenated compounds (54,63). 
Thus, evidence shows that ZSM-5 is active in the conversion of 
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Figure 9: A schematic representation of the formation of Bronsted 
and Lewis acid sites in zeolites. 
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methanol or synthesis gas to selectively produce certain products by 
varying conditions. 
With knowledge of the abilities of the metal and zeolite for 
catalytic systems, several bifunctional catalysts of ruthenium 
supported on ZSM-5 (Ru/ZSM-5) were prepared for this study. After 
the preparation, the catalysts were characterized by various instru-
mental techniques in order to gain an understanding of the bulk and 
surface composition of the samples. Also, some of the catalysts 
were evaluated for their ability to catalyze the reaction for the 
conversion of synthesis gas to hydrocarbons in a fixed-bed micro-
reactor system. From the catalytic evaluation and analysis of the 
products, information was obtained on the ability of the sample to 
convert the synthesis gas to the desired products. Relationships 
have been drawn between the characterization data obtained on the 
samples and their catalytic abilities and product distributions. 
Also, comparisons have been made with other catalysts to indicate 
the relative efficiency and selectivity of these samples. Hopefully, 
these catalysts will aid in future projects aimed at designing cata-
lysts for the production of a certain product. 
II. EXPERIMENTAL 
A. Materials 
Trirutheniumdodecacarbonyl, Ru 3(C0) 12 , was obtained from Strem 
Chemicals, Inc. with the following lot numbers: 2116-F and 2239-F5 . 
This orange solid is air-stable and has a molecular weight of 639.34 
g•mol-1. The purity of the Ru 3(c0) 12 was 99.1%; an infrared spectrum 
was identical to that reported in the literature (64,65). The ZSM-5 
was obtained from the Pittsburgh Energy Technology Center (PETC) in 
Pittsburgh, Pennsylvania. It was prepared in the Na+ form by follow-
ing the procedure outlined in the ZSM-5 patent by Mobil (50). The 
zeolite was ion-exchanged with NH4Cl to obtain the NH~ form of the 
ZSM~5 with a Si02/Al 2o3 ratio of approximately 30. Some of the 
batch preparations were split, and half of the sample was heated by 
workers at PETC. In the heating procedure, the ZSM-5 is slowly 
heated (~2.5°C per min) to 538°C in a furnace, and then the sample 
is cooled in air overnight; the H+ form is obtained. With the NH~ 
form of the ZSM-5 obtained from PETC, a heating procedure is also 
followed at Virginia Commonwealth University (VCU) to obtain the H+ 
form. The ZSM-5 is heated in a muffle furnace at 350°C for 4 h, 
cooled in an evacuated desiccator and stored under nitrogen in a 
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dry box, Vacuum/Atmosphere Corporation Ori-Lab, prior to use. The 
removal of the NH3 and H20 was confirmed by infrared spectroscopy 
for both heating methods. The batches obtained for this work from 
PETC are NH4-ZSM-5-RG-38, NH4-Z-RG-61-06-161, NH4-Z-C-538-RG-61-01-
162, NH4-Z-RG-68-06-171, H-Z-C-538-RG-68-06-175, H-Z-RG-C-09-145, 
NH4-Z-RG-82-09-50 and H-Z-RG-82-09-57. When the samples of ZSM-5 
were received at VCU in their sealed containers, they were placed 
in the Ori-Lab, so that they would not adsorb moisture from the 
atmosphere. 
The solvents used in the catalyst preparation are degassed 
0 
with nitrogen for an hour and stored over 4 A molecular sieves 
obtained from Fischer Scientific Company. Initially, three solvents 
were used in the preparation process; these solvents are tetrahydro-
furan (THF), chloroform (CHC1 3) and cyclohexane (CHX). The THF 
used was Fischer Scientific Company, certified grade, and the CHC13 
was Fischer Scientific Company, certified ACS grade. The first 
two solvents were only used initially; however, the CHX was used 
during most of the catalyst preparations. The CHX was also obtained 
from Fischer Scientific Company, pesticide grade. 
B. Catalyst Preparation 
The catalysts were prepared following an extraction technique 
(66). This preparation technique involves the use of a Soxhlet 
extraction apparatus. In the preparation procedure a weighed 
quantity of Ru3(C0) 12 is placed in a cellulose extraction thimble 
which is positioned in the Soxhlet extractor. The weighed ZSM-5 
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in the H+ fonn with a known volume of solvent is placed in a round 
bottom flask which is heated to the refluxing temperature of the 
solvent by the use of a heating mantle and continuely stirred by a 
glass stirring bar. The solvent extracts the Ru 3(C0) 12 into the 
flask where it reacts with the ZSM-5. The reflux times for the sol-
vent range from 24 h to as long as 168 h depending on the sample 
size and the desired weight percent loading of the ruthenium. In 
this study, the weight percent ruthenium varied from approximately 
1% to 8%. After the sample is refluxed for the required amount of 
time, the sample is taken into the dry nitrogen atmosphere of the 
Ori-Lab. Once in the glove box, the solvent is removed from the 
sample by filtration through a fritted funnel, employing suction, 
and washed with the proper solvent. After the filtering step, the 
solid sample is placed in a vacuum desiccator, which is attached 
to a vacuum pump that has a liquid nitrogen cooled trap, to pump off 
the remaining solvent; this drying step takes about an hour. After 
drying, these samples are referred to as the as-prepared (AP) cata-
lysts. A small portion of the AP sample is used for weight percent 
of the metal analysis by using Atomic Absorption (AA), Galbraith 
Laboratory. Portions of the AP catalysts were pretreated before 
characterization or catalytic evaluation; for example, they were· 
calcined for 24 h at 500°C and are referred to as H-500 samples. 
C. Instrumental Techniques 
After the catalysts were prepared by the above procedure, they 
were characterized by a series of surface and bulk instrumental 
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techniques which include Infrared (IR) Spectroscopy, Thermogravi-
metric Analysis (TGA), X-ray Powder Diffractometry (XRPD), Ion-
Scattering Spectrometry (ISS), X-ray Photoelectron Spectroscopy 
(XPS/ESCA) and Hydrogen and Carbon Monoxide Chemisorption. These 
techniques can be divided into two catagories, viz. bulk techniques 
(IR, TGA and XRPD) and surface techniques (ISS, ESCA and H2 and CO 
Chemisorption). 
1. Bulk Techniques 
The IR spectra (4,000-200 cm-1) were obtained employing a 
Perkin-Elmer model 283 spectrometer, and the samp les were prepared 
as Nujol mulls on CsBr plates. A Perkin-Elmer model TGS-2 Thermo-
gravimetric system was used for the TGA studies. The XRPD data 
was obtained using a Rigaku horizontal goniometer. A copper X-ray 
tube (Cu Ka = 1.54050 A) was used and operated at 40 kV and 30 mA . 
The divergent slit (OS) used was 1° with a receiving slit (RS) of 
0.3 mm and a Soller slit (SS) of 1°. The samples were mounted in 
the well of glass sample holders without the use of an adhesive 
medium. 
2. Surface Techniques 
The instrumentation used to obtain the ISS data was the 3M 
Analytical Systems Model 5208. Initially, the surface analysis 
was performed on the sample followed by a depth profiling study 
obtained by sputtering into the sample with 4He (67). The ESCA 
data was obtained from a McPherson ESCA 36 Spectrometer equ i pped 
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with a magnesium anode (Mg K = 1253.6 eV), The binding energies 
a 
were corrected for charging by assuming that the oxygen band is 
located at 532.0 ± 0.2 eV. Again, the depth of the surface was 
investigated by sputtering into the sample with 40Ar (68). 
For the H2 and CO chemisorption analyses, the catalysts were 
studied at room temperature (25°C) in a typical gas volumetric 
apparatus. The samples were initially reduced under flowing hydro-
gen (5-10 cc·min-1) in a tube furnace. The samples were heated at a 
rate of 0.5°C•min-l to a temperature of 400°C which is maintained for 
3 h. After reduction, the H2 chemisorption experiment was performed 
with evacuation times of 2, 5 and 10 min. Once the procedure was 
completed, it is followed by a process to desorb the H2 at a tempera-
ture of 400°C and an evacuation period at 10-6 torr. CO adsorption 
measurements were then obtained on the sample (69). 
D. Catalytic Evaluation 
Once the preparation and characterization of the catalyst 
samples were accomplished, the catalysts were evaluated for their 
catalytic ability and product distribution. After the evaluation 
of the catalysts, they are referred to as the Used samples. The 
reactor system employed was a continuous flow, fixed-bed microreactor 
obtained from Chemical Data Systems, Inc. (CDS). The model used was 
the CDS 804 CF-HP reaction-chromatography system. The flow diagram, 
modifications and basic design of the reactor system have previously 
been reported (70). For the catalytic evaluation, the sample was 
pressed into 1/8 inch diameter pellets using a pellet press (Parr 
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Instrument Company). Approximately 1.3 to 1.5 g of the pellets were 
placed into the reactor tube with glass wool plugs at both ends of 
the sample in order to avoid leakage of the powder into the lines 
of the reactor system. The reactor tube is then positioned in the 
reactor where it is surrounded by an Inconel core and oven system 
which may be heated up to 700°C. 
The catalyst initially undergoes a reduction step; in this 
step, the sample is heated to 400°C in the presence of 300 psig of 
H2 which has a flow rate of 60 cc•min-1. The flow of the inlet g~s 
is monitored by a Brooks Instrument model 5871 mass flow controller. 
Reduction conditions are maintained for 20 h. After reduction, the 
evaluation conditions were established. The inlet gas is approxi-
mately a 1:1 H2:CO mixture referred to as the synthesis gas. The 
pressure of the gas is once again 300 psig; however, the flow rate 
is approximately 27.5 cc•min-1. The exact flow is determined by an 
equation to allow for the gas hourly space velocity (GHSV) to be 
approximately 1,000 h-1. The calculation for this determination 
is shown below: 
. -1 X cc·m1n 
Volume of catalyst (cc) 
-1 
x 60 min•h 1,000 h-l (GHSV) 
Once the value for X is determined, it is corrected to laboratory 
conditions. This corrected value is the setting used for the mass 
flow meter. The temperature of the reactor during evaluation condi-
tions varies from 200°C to 320°C at 20° increments. The synthesis gas 
passes through the reactor sample bed and then through a wax trap 
and liquid trap. The wax trap is designed to collect the heavy 
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molecular weight products of carbon chains of 12 carbons or more. 
This trap is wrapped with heating tape and fiber glass insulation, 
and the trap is maintained at approximately 175°C to 185°C. How-
ever, the liquid trap is cooled to 0°C with an ice-water mixture; 
this trap collects the hydrocarbons of carbon number 5 to 12. This 
hydrocarbon region is often referred to as the gasoline range hydro-
carbons. Also, the liquid trap collects any water in the effluent. 
Both of these traps are drained of the accumulated products every 
48 h, and at this time, the products are separated into the oil, 
wax and water fractions which are placed in vials and sealed with 
septum caps. After passing through the traps, the effluent should 
be the c1-c4 hydrocarbons, H2, CO and C02. The gaseous effluent can 
be vented or manually sampled to a gas chromatograph (GC) which is 
an integral part of the reactor system. Two Poropak Q columns, a 
thermal conductivity detector (TCD) and carrier gas of 8.5% H2 with 
a balance of He are used in this GC. The GC has a temperature pro-
gram controller unit which is programmed for the analysis of the 
effluent. The program was set up with a post injection time of 3 min, 
an initial temperature of 46°C, a program rate of 10°C•min-l and a final 
temperature of 186°C which is held for 15 min. The GC oven doors are 
opened after the analysis to cool down the system. This program is 
used to analyze all of the gaseous effluent samples. The GC system 
is integrated to a Shimadzu Data Processor Chromatopac C-RlA system 
which a printout is obtained for the GC analysis. An example of this 
printout is shown in Figure 10 with a typical analysis in Table 1. 
The concentrations of the products are based on the areas and response 
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Figure 10: A typical GC trace of the gaseous reactor effluent. 
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Table 1: A Typical Analysis of the Gaseous Reactor Effluent 
NAME 
HYO 
co 
CH4 
C02 
C2H4 
C2H6 
C3H6 
C3H8 
IC4Hl0a 
I-C4H8b 
N-T-C4c 
CIS-C4d 
aiso-butane 
bl-butene 
TIME CONCENTRATION 
0.7 13.168 
0.8 77 .1795 
1.24 6.9397 
2.2 0.6228 
4.07 0.1043 
5.31 0.5157 
10.45 0.4623 
11. 0 0.2769 
15.05 0.0282 
15.35 0.1874 
15.88 0.3969 
16.13 0.1174 
en-butane and trans-2-butene 
dcis-2-butene 
AREA 
11372 
1274128 
82975 
11395 
1554 
10788 
10296 
6659 
782 
5162 
11619 
3000 
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factors for the various components in the effluent gas obtained from 
a standard gas mixture and determined by the method described by 
Crawford (70). 
The hydrocarbon fraction of the liquid product is analyzed for 
its aromatic, olefin and saturate content by Fluorescent Indicator 
Adsorption (FIA) Chromatography {71). The FIA columns were packed 
with silica gel (MCB Reagents); 100-200 mesh (nominal), grade 923 
and meets ASTM-D-1319-61T standards. In the middle of the neck 
portion of the column, FIA standard dyed gel is added followed by 
more silica gel. The dye is UOP product #675 fluorescent indicator 
reagent (UOP Process Division). The solvent used is Isopropanol 
obtained from Fischer Scientific Company, HPLC Grade with a UV 
Cutoff of 205 nm. From the FIA data obtained on the individual 
samples, percentages of the aromatics, olefins and saturates are 
calculated. 
The hydrocarbon fraction of the liquid product was also ana-
lyzed by a simulated distillation procedure to obtain the percentage 
of the sample that boils in the gasoline range (72,73). Once again 
GC is employed for the experimental process. The Varian Aerograph 
Series 2400 Gas Chromatograph (Varian Instrument Division) was used 
to obtain the simulated distillation data. The liquid sample is 
injected onto 10% OV-101 on chromosorb W-HP, 80/100 mesh, 4 m long 
column which was obtained from Varian. The GC oven is heated from 
80°C to 320°C at a rate of l0°C•min- 1. A Flame Ionization Detector 
(FID) is employed, and the gases for the detector are hydrogen and 
compressed air; the carrier gas employed for this work is nitrogen. 
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Figure 11 is a typical GC trace obtained from this analysis by the 
data processor. 
A mass balance computer program (74) was used in order to 
calculate the mass balance of the reactants and products obtained 
over each drain period. Figure 12 is a typical printout obtained 
from the mass balance computer program. From details of the intake 
and output of the reactor system, the program calculates the space 
velocity, the hydrogen product distribution, the total effluent 
distribution, the material recovery, the H2 and CO conversions and 
the percent oil of the total effluent (75). 
Therefore, with all the information obtained from a cata-
lytic evaluation, conclusions can be drawn concerning the efficiency 
and selectivity of the catalyst. 
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Figure 11: A typical simulated distillation GC trace. 
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Figure 12: A typical mass balance computer printout. 
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III. RESULTS AND DISCUSSION 
A. The Sample Preparation 
The solvents, THF, CHC1 3 and CHX, were used in the preparation 
technique discussed in Section II. Experimental. When THF was 
employed, the solid sample was difficult to filter and dry. CHC1 3 
has a lower boiling point than THF and CHX, causing a problem due 
to evaporation of the solvent on warm days. Therefore, CHX was t he 
solvent used in all other preparations of the extraction (EX) cata-
lysts. These catalysts are referred to by their weight percent Ru; 
for example, 8.13% Ru/ZSM-5. A dry grinding (DG) technique was, 
also, employed for the preparation of three samples used in the 
characterization study; they are referred to as the DG samples " 
B. Characterization 
1. Infrared Spectroscopy 
Infrared (IR) spectroscopy was used throughout this study to 
identify the presence of certain functional groups in the samples. 
Initially, IR spectra were obtained for the starting materials of 
the catalyst preparation. In Table 2, the major IR bands are listed 
+ + for typical samples of Ru3(co) 12 , NH4-ZSM-5 and H -ZSM-5. The 
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Table 2: Major IR Bands for Typical Ru 3(C0) 12 and ZSM-5 Samples 
SAMPLE MAJOR IR BANDSa (cm-1) 
206l(vs); 2015(vs); 2000(s); 1992(s); 
59l(m); 577(m); 546(w); 464(w); 447(m) 
3282(w); 188l(vw); 1637(vw); 1096(s); 
718(vw); 54l(w); 457(m) 
1103(s); 719(vw); 540(w); 452(m) 
364l(s); 3432(s); 1878(vw); 1635(m); 
1092(vs); 60l(vw); 542(w); 449(m) 
1222(w); 1097(vs); 719(vw); 542(w); 
450(m) 
avs = very strong; s = strong; m = moderate; w = weak; 
vw = very weak 
bNH;-zsM-5 heated at 538°C 
cNH;-zsM-5 heated at 350°C 
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Ru3(C0) 12 has bands in the region for tenninal carbonyl groups, y(CO) 
of approximately 2100 to 2000 cm-1• This Ru3(C0) 12 spectrum is in 
agreement with that reported in the literature (64,65). Table 2, 
also, includes the major IR bands for ZSM-5; the ZSM-5 samples are 
in their NH; form and H+ form with one sample heated to 538°C and 
the other sample heated to 350°C. The spectra of the two heated 
samples are similar, indicating that both procedures removed the NH3 
and H20 present in ZSM-5. The spectra for the NH;-zsM-5 samples 
have additional bands due to the y(N-H) located around 3500 to 
3100 cm-1, and the o(N-H) positioned around 1640 to 1500 cm-1• Fur-
thermore, there are y(O-H) bands occurring at approximately 3500 to 
3200 cm-land 1600 cm-1. All the spectra for ZSM-5 contain bands 
for y(Si-0) and o(Si-0) which are around 1070 to 800 cm-l and 660 to 
490 cm-l respectively (76-78). 
IR spectra were obtained on the solid catalyst samples after pre-
paration, and oftentimes, on the residue of the filtrate after evap-
opration of the solvent. The bands of a typical IR spectrum for a 
~5% Ru/ZSM-5 sample are listed in Table 3. The IR spectrum obtained 
on the catalyst sample contains two bands (2054 cm-l and 1991 cm- 1) 
in the terminal carbonyl stretching frequency region. The carbonyl 
bands present in the Ru supported catalysts are shifted to lower · 
wave numbers in comparison to the Ru 3(co) 12• These shifts may be due 
to the carbonyl interactions with the support or a change in the 
symmetry that occurs following adsorption (65,79,80). The spectrum 
of the catalyst, also, contains a very weak band due to the presence 
of water (1636 cm-1) which probably was adsorbed from the atmosphere 
Table 3: Typical IR Spectra for a Catalyst Sample 
SAMPLE MAJOR IR BANDSa (cm- 1) 
-v5% Ru/ZSM-5 
Residue from 
-v5% Ru/ZSM-5 
filtrate 
2054(w); 199l(w); 1635(vw); 1222(s); 
1098(vs); 719(vw); 542(m); 450(s) 
2059(m); 2025(m); 2000(w); 59l(vw); 
578(vw); 448(vw) 
avs = very strong; s = strong; m = moderate; w = weak; 
vw = very weak 
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during the preparation and/or handling of the catalyst . The remain-
ing bands are due to the support. The residue obtained from evapora-
tion of the filtrate has a spectrum indicating that it is Ru 3(C0) 12 • 
The DG samples were, also, studied by IR spectroscopy; Table 4 
lists the major bands obtained from the spectra. As the percentage 
of ruthenium was increased, the intensity of the bands in the car-
bonyl region (2100 to 2000 cm- 1) increased proportionally which 
indicates that a relationship can be drawn between the intensity 
of the carbonyl bands and the amount of ruthenium carbonyl in the 
sample. Gallezot and coworkers reported that the intensity of the 
IR bands in the carbonyl region increased with the amount of adsorbed 
Mo(C0) 6 on HY zeolite (81) which supports the findings in this study. 
Air exposure and heating studies were performed on the EX and 
OG samples. IR spectra were obtained in order to detect any changes 
in the carbonyl region upon air exposure or heating of the samples; 
Tables 5 and 6 summarize these IR studies. The disappearance of 
these carbonyl bands signified the decomposition of the Ru 3(co) 12 
in the samples. It can be seen from the data in Table 5 that expo-
sure to air for as long as 24 h does not change the IR spectrum of 
~5% Ru/ZSM-5. However, heating at 150°C for an hour caused the dis-
appearance of the carbonyl peaks. Table 6 shows that the DG and EX 
catalyst samples behave in the same manner when heated; each sample 
experienced Ru 3(C0) 12 decomposition when heated at 100°C for 30 min 
although no decomposition was observed when heated at 50°C for 
30 min. The ~10% Ru/ZSM-5 sample was studied for further heating 
effects so it was heated at 80°C for 5 min, no change occurred; 
51 
Table 4: The IR Data Obtained for the DG Samples 
SAMPLE 
0.95% Ru/DG/ZSM-5 
2.90% Ru/DG/ZSM-5 
5.94% Ru/DG/ZSM-5 
MAJOR IR BANDSa (cm-1) 
2060(vw); 2027(vw); 1643(vw); 
1220(m); 1094(s); 719(vw); 544(w); 
453(m) 
2060(w); 2027(w); 2000(vw); 1637(vw); 
122l(m); 1094(s); 719(vw); 547(w); 
450(m) 
2060(m); 2037(m); 2025(m); 2000(m); 
1656(vw); 1222(m); 1095(s); 720(vw); 
546(w); 449(m) 
a 
vs = very strong; s = strong; m = moderate; w = weak; 
vw = very weak 
Table 5: The IR Results from the Air Exposure and Heating 
Studies on a ~5% Ru/ZSM-5 Catalyst 
AIR EXPOSURE HEATING TIME 
y{CO) (cm-1) (h) 150°C (h) 
0 0 2054; 1991 
2 0 2053; 1992 
8 0 2058; 1996 
24 0 2060; 1995 
26 1 no bands 
50 24 no bands 
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Table 6: Summary of the IR Results from the Heating Studies 
HEATING TIME TEMPERATURE 
y(CO) (cm- 1) SAMPLE (min) (oc) 
5.49% Ru/DG/ZSM-5 0 2060; 2037 
2025; 2000 
30 50 2060; 2037 
2025; 2000 
30 100 no bands 
'V5% Ru/ZSM-5 0 2058; 1995 
30 50 2059; 1996 
30 100 no bands 
"'Vl0% Ru/ZSM-5 0 2054; 1994 
15 70 2055; 1995 
5 80 2059; 1998 
5 92 no bands 
30 50 2057; 1995 
30 100 no bands 
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however. heating at 92°C for 5 min caused the disappearance of the 
carbonyl bands. Therefore. heating for a short time at around 92°C 
can cause the decarbonylation of the ruthenium carbonyl in these 
materials. Ru/Al 2o3 samples. also, experienced decarbonylation 
upon heating (64,82). The Ru/ZSM-5 samples became black when decar-
bonylation had occurred indicating the presence of Ruo2 on the sup-
port; this conclusion was confirmed by XRPD studies. Therefore, 
the air exposure and heating studies indicate that the catalysts 
are stable in the presence of air, but decarbonylation occurs when 
the samples were heated. 
2. Thermogravimetric Analysis 
The technique of Thermogravimetric Analysis (TGA) measures the 
weight loss or gain of a sample in a controlled atmosphere (83-85) , 
TGA was used in the early stages of this work to gain an insight into 
the thermal stability of the materials. NH~-ZSM-5 was studied by the 
use of TGA from 25°C to 600°C in He. During the TGA experiment, the 
weight loss of the sample occurred before 350°C due to the removal 
of NH3 and H2o. Therefore, the ZSM-5 was heated to 350°C in order 
to obtain the H+ form of the ZSM-5; the loss of NH3 and H2o by the 
sample was confirmed by IR spectroscopy. 
The catalysts were also studied by TGA to indicate their 
stabilities. The samples used in this study were ~5% Ru/ZSM-5, 
~10% Ru/ZSM-5 and ~10% Ru/ZSM-5 heated at 500°C for 18 h. Three 
gases were used in the following order He, H2 and CO. A tempera-
ture range of 25°C to 600°C was used, and the sample was heated at 
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a rate of 10°C•min-1• For the ~5% Ru/ZSM-5 and ~10% Ru/ZSM-5 sam-
ples, the curves showed a loss in weight in all three gases which 
decreased in the order of the introduction of the gases (He>H2>CO) . 
Upon heating, Ru3(C0) 12 is known to continuously envolve carbon 
monoxide (86). IR spectra obtained for the samples before the TGA 
study indicate the presence of the carbonyl groups; however, after 
the TGA study the carbonyl bands were absent. These results support 
the conclusion that carbon monoxide is lost by the sample during the 
TGA experiment. Another source reported a loss of H2o adsorbed 
during the catalyst preparation by ruthenium zeolite catalysts when 
investigated by TGA using N2 (87). In the preparation of the Ru/ 
ZSM-5 catalysts in this study, H2o was adsorbed by the support 
which lead to additional weight loss in the TGA experimento It has 
been reported that Ru3(C0) 12 does not decompose completely to the 
metal during the TGA investigation, but partial sublimation occurs 
(86). The Ruo2 present in the sample due to the carbonyl decomposi-
tion could have been reduced to Ru 0 causing a weight loss in H2. 
However, if Ru 0 was present it did not adsorb H2 or CO which wo uld 
of been reflected as a weight gain by the TGA curve. 
A weight loss was observed for the heated ~10% Ru/ZSM-5 sample 
in the three gases, but the order was different from that obtained 
for the unheated samples. The sample lost most of its weight in H2, 
the second gas, followed by He and CO. Also, the overall weight loss 
was smaller for the heated sample. The IR spectrum obtained on t he 
pretreated sample did not contain the carbonyl bands; therefore, the 
evolution of carbon monoxide had already occurred. The conditions 
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during the TGA experiment produced a weight loss in the sample due 
to loss of H20 which was adsorbed when the sample was cooled in air, 
the reduction of Ru02 to Ru 0 and the sublimation of ruthenium. 
3. X-ray Powder Diffractometry 
A characteristic diffraction pattern is obtained from X-ray 
Powder Diffractometry (XRPD) for each substance whether it is in the 
pure state or present in a mixture (88). Due to this ability of 
XRPD, it was used in this study for identification purposes. To 
confirm the structure of ZSM-5, diffraction patterns on each batch 
of ZSM-5 were obtained (50,56,58,89). A representative pattern is 
shown in Figure 13 . Patterns were, also, obtained for the catalysts, 
and the results are summarized in Table 7. Each pattern indicated 
the presence of the support, ZSM-5. The patterns for the AP cata-
lysts indicate the presence of only the ZSM-5 which is due to the 
fact that the source, Cu K , does not allow a species of less than 
a 
0 
60 A to be detected. Therefore, the metal species is thought to 
0 
be highly dispersed on the support with a size less than 60 A. Sim-
ilar results were obtained by McVicker and Vannice on a 1.3% Ru/Al 2o3 
catalyst promoted with 0.45% K (90). 
Ru02 was detected by XRPD on the H-500 samples (91). The pre-
treatment is thought to cause the agglomeration of the metal species 
on the support; this agglomeration leads to particle sizes greater 
0 
than 60 A which are detected by the diffractometer. There is a dif-
ference within the patterns obtained from XRPD for the Used catalysts. 
In the spectra for the two lower loadings (0.98% and 2.88%) no metal 
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Figure 13: A representative XR PD spectrum of ZSM-5 . 
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Table 7: Summarl'. of the XRPD Resultsa on the Catal,l'.St SamEles 
% Ru/ZSM-5 AP H-500 USED 
0.98 Ru02 
2.88 Ru02 
7.32 b Ru 0 
8.13 Ru02 Ru 0 
aAll spectra contained the pattern for ZSM-5 
bThis spectrum was not obtained 
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species was detected. However, the 7.32% and 8. 13% Used catalysts 
contained Ru 0 (92). It appears that after the catalytic evaluation 
the 7.32% and 8.13% samples still have some of the active Ru 0 of 
0 
larger than 60 A present while for the 0.98% and 2.88% samples, the 
Ru 0 or other metal species is of a small size. 
From XRPD, it is concluded that the AP catalysts contain a 
high degree of dispersion of the metal species on the support, that 
the pretreatment of the H-500 samples causes an increase in the pa r -
ticle size of the metal species and that the higher loadings of Ru 
contain Ru 0 after catalytic evaluation. 
4. Ion-Scattering Spectrometry 
The technique of Ion-Scattering Spectrometry (ISS) was used fo r 
the detection of elements present in the sample (93,94). The depth 
profiling capability of ISS enables the surface and subsurface of 
the sample to be studied . The 4He ion penetrates the sampl e at 
~o.5 A•min-l exposing the elements within the surface. Figure 14 is 
a representative ISS scan; the ruthenium peak is located at 0.845 
E/Eo, the overlapping aluminum and silicon peaks at 0.57 E/E 0 and the 
oxygen peak at 0.385 E/E 0 • From the scans obtained by ISS, the Ru 
to Si-Al ratios were calculated from the peak heights. In Figure 15, 
these ratios for the AP catalysts are plotted versus the sputtering 
times of 0-5 min, 5-10 min, 30-35 min and 60-65 min. The curves 
indicate that the Ru/Si-Al ratios increase with higher Ru loading, 
Also, for a particular loading the ratio decreases with longer 
sputtering time which implies that the amount of Ru decreases with 
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Figure 14: A representative ISS scan of a Ru/ZSM-5 catalyst. 
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Figure 15: The ISS results of the AP catalysts. 
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depth. Even after 65 min of sputtering, an estimated depth of 32. 5 A, 
Ru was still observed; therefore, the Ru is not just on the surf ace 
of the sample, but Ru penetrates into the support. The Used catalysts 
were also investigated by ISS; the Ru/Si-Al ratios obtained from 
these scans were significantly lower than the AP catalysts. In 
Figure 16 the ratios are plotted for three Used catalysts . From 
these curves, an increase in the Ru/Si-Al ratio was observed as the 
sputtering time increased. This trend is opposite in direction to 
the trend for the AP catalysts, and may be due to surface contami na-
tion, probably carbon deposits, obtained during the evaluation. Once 
below this contamination, the Ru is detected by t he instrumentati on 
causing the increase in the Ru/ Si-Al ratio. 
5. X-ray Photoelectron Spectroscopy 
The instrumental technique of X-ray Photoelectron Spectroscopy 
(XPS/ESCA) is a powerful tool used in the characterization of surface 
and subsurface atomic layers of solids; for example, heterogeneous 
catalysts. ESCA provides insight into the elemental composition and 
oxidation states of species present is a sample (95-98). Non-
sputtered (NON-SP) and sputtered {SP) ESCA spectra were obtained for 
the catalysts; 40Ar was used to sputter into the sample for 10 min 
0 
which would be a depth of ~70 A. After the binding energies (B.E. ) 
were corrected for charging, they were compared to the l i terature 
values to determine the ruthenium species present in the sample (99-
101). For this study, the binding energies used were: 
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Figure 16: The ISS results of the Used catalysts. 
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The carbon ls peak overlaps the Ru 3d312 peak in the region of 286 to 
283 eV (102); therefore, this Ru band cannot be clearly distingui shed 
and was not used in the determination of the Ru species present in 
the sample. 
Initially, ESCA scans were obtained for the AP catalysts. The 
Ru 3p312 peaks for the non-sputtered and sputtered scans for the AP 
catalysts are shown in Figure 17. Table 8 summarizes these results, 
and from the binding energies it was determined that the metal 
species present was Ru02. The H-500 catalysts were investigated by 
ESCA; however, the sputtered scans were not obtained due to technical 
difficulties. Table 9 contains the binding energies of the H-500 
samples, these values also indicate the presence of Ru02; recall t hat 
the XRPD results indicated the presence of Ru02 in the H-500 catalysts. 
Therefore, the AP and H-500 catalysts contain the same metal species 
(Ru02), but the particle size of this species is larger for the H-500 
samples than for the AP catalysts. 
The Used catalysts differ from the AP and H-500 catalysts. Table 
10 contains the binding energies for the Used samples. The binding 
energies obtained for the 0.98%, 2.88% and 7.32% Used catalysts do 
not clearly indicate the presence of Ru 0 or Ruo2• The peaks of the 
Used catalysts are slightly broader than the peaks obtained for the 
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Figure 17: The Ru 3p312 peaks for the AP catalysts . 
470 465 460 455 
Ru 3p3;2 
AP 
%Ru/ZSM-5 
8.13 
2.88 
0.98 
Binding Energy leV) 
470 465 460 455 
-..J 
0 
71 
Table 8: The ESCA Results for the AP Catalyts 
BINDING ENERGY 
% Ru / ZSM-5 PEAK NON-SP SP 
0.98 Si 103. 00 102 . 85 
Ru 3p312 463 . 10 462.80 
Ru 3d5/2 281.60 280.55 
2,88 Si 103.22 102.75 
Ru 3p312 463.22 462 . 65 
Ru 3d5/2 281.82 280.60 
8.13 Si 102. 95 103.85 
Ru 3P3;2 463.00 463.45 
Ru 3d512 281.20 281. 30 
72 
Table 9: The ESCA Results for the H-500 Catalysts 
% Ru/ZSM-5 PEAK NON-SP BINDING ENERGY 
0.98 Si 102.85 
Ru 3P3;2 462.65 
Ru 3d5/2 a 
2.88 Si 102.95 
Ru 3P3;2 462.95 
Ru 3d512 280 . 55 
aPeak indistinguishable 
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Table 10: The ESCA Results for the Used Catalysts 
BINDING ENERGY 
% Ru/ZSM-5 PEAK NON-SP SP 
0.98 Si 102.80 102.80 
Ru 3P3;2 461. 50 462.10 
Ru 3ct512 280.10 280.10 
2.88 Si 102.85 102. 90 
Ru 3p312 461. 65 462.00 
Ru 3ct512 280.10 280.10 
7.32 Si 102.90 102. 80 
Ru 3p312 461.45 461.60 
Ru 3ct 512 279.80 280.10 
8.13 Si 103.05 102. 90 
Ru 3p312 461.25 462.30 
Ru 3ct512 279.65 280.30 
AP catalysts. Due to the breadth of the peaks and because the 
binding energies are between Ru 0 and Ru02, it appears that these 
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Used catalysts contain a mixture of Ru 0 and Ru02• The results 
obtained for the 8.13% Used catalyst indicated that Ru 0 was on the 
surface and Ru02 under the surface. Figure 18 shows the 3p312 
peaks for the AP and Used catalysts showing the difference of the 
non-sputtered peak from Ru02 for the AP to Ru 0 for the Used catalyst. 
However, the sputtered peaks are both characteristic of Ruo2. The 
ESCA data for this Used catalyst indicates that the metal species 
below the surface was not totally reduced by the hydrogen employed 
during reduction. 
6. Hydrogen and Carbon Monoxide Chemisorption 
The AP catalysts of 0.98%, 2.88% and 8.13% Ru/ZSM-5 were studied 
by hydrogen and carbon monoxide chemisorption. The amounts of CO 
adsorbed during the CO chemisorption experiments were 2 to 3 times 
higher than the measurements obtained from the H2 chemisorption data 
due to multiple CO adsorption (103). These results are in agree-
ment with the data obtained on Ru/silica samples by Kobayashi and 
Shriasaki (104,105). Since multiple CO chemisorption occurred with 
the Ru samples, the CO adsorption measuremnts are not reliable for 
the prediction of the average Ru particle size and dispersion. How-
ever, the H2 chemisorption measurements were found by Irwin to pre-
dict Ru metal particle size and dispersion fairly accurately (103). 
The surface stoichiometry of H/Ru(s) was assumed to be 1.0 which was 
found to be in agreement with previously reported values (106,107). 
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Figure 18: The Ru 3p3;2 peaks for the AP and Used 8.13% Ru/ZSM-5 
catalysts. 
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Table 11 contains the Ru particle sizes and dispersions obtained 
from the H2 chemisorption measurements on the AP catalysts. In the 
determination of the particle sizes and dispersions, the assumption 
was made that the atomic ruthenium surface area was 8.17 A2/Ru atom 
(103). From the reported data, there is a slight increase in the 
particle size with an increase in metal loading. Figure 19 is a 
plot of the particle size versus the evacuation time which indicates 
that the determined particle size for the 8.13% sample remained 
fairly constant while the calculated particle size for the lower 
loadings increased with increasing evacuation time. Therefore, the 
lower metal loadings, with smaller Ru particle sizes, appeared to 
strongly reversibly chemisorb H2 requiring the longer evacuation 
times to desorb it from the surface (103). Measurements obtained 
from H2 chemisorption indicated that the particle sizes for all three 
0 
samples were below 60 A, the detection limit of the copper X-ray 
source used in XRPD. 
7. Conclusions 
The following conclusions can be drawn from the characterization 
data obtained on the catalysts. 
1. It was determined that complete decomposition of the Ru 3(C0) 12 
did not occur during the preparation procedure; however, cal-
cination of the sample did cause the decompositon of the 
Ru 3(C0) 12 structure and agglomeration of the metal species. 
2. The metal species was determined to be Ruo2 for the AP and 
0 
H-500 samples with particle sizes of less than 60 A for 
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Table 11: The H2 Chemisorption Results on the AP Catalysts 
DISPERSION PARTICLE EVACUATION 
0 
% Ru/ZSM-5 (%) SIZE (A) TIME (min) 
0.98 31. 5 26.8 2 
28.4 29.8 5 
24 ,8 34.1 10 
2.88 28.7 29.3 2 
25.6 32.9 5 
22.0 38, 4 10 
8.13 18.4 45.9 2 
18.4 45.9 5 
18.1 46.6 10 
Figure 19: A plot of the particle size versus evacuation time 
obtained from the H2 chemisorption data for the AP 
catalysts. 
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the AP catalysts and greater than 60 A for the H-500 cata-
lysts. Therefore, the extraction technique produces a high 
degree of dispersion of the metal species on the AP catalyst. 
3. The characterization by ESCA, also, indicated that the Used 
catalysts did not have complete reduction of the metal 
species during the catalytic evaluation; because Ru 0 and 
Ru02 species were detected. 
C. Catalytic Evaluation 
1. Preliminary Evaluation 
The initial step in the catalytic evaluation involves reduction 
of the metal species present on the support to metallic ruthenium. 
Ruthenium is known to be active for the Fischer-Tropsch and water 
gas shift reactions (7,10,12,45,108-110). The water gas shift reac-
tion refers to the following reversible reaction: 
Reduction conditions were determined after referring to previous 
studies on different ruthenium catalytic systems (111-114). Kellner 
and Bell employed 400°C for 8 h in order to reduce their Ru/Al 2o3 
catalysts (111,112). Ru/Y zeolite catalysts investigated by Jacobs 
and coworkers were reduced at 300°C, and these workers determined 
that 100% reduction of the metal species was accomplished between 
300°C to 500°C (113,114). 
The first catalyst to be studied was an 8.13% Ru/ZSM-5 sample 
which was evaluated over the temperature range of 200°C to 320°C at 
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20° increments. The catalytic evaluation data were obtained at each 
temperature for one 48 h period. During this evaluation, a minor 
problem developed on two occasions causing the pressure in the system 
to increase above the desired 300 psig. It is believed that the high 
molecular weight products solidified before the wax trap causing a 
blockage in the line. To alleviate this problem, the heating tape 
and insulation between the reactor tube and wax trap were increased 
to raise the temperature of that section of tubing. 
The data from the first evaluation period at 200°C was not rel i-
able due to the blockage; therefore, the reactor was maintained at 
200°C for a second 48 h period which was used for the compari son with 
other evaluation periods. Data from the evaluation of this catalyst 
are presented in Table 12. The percentages of CO and H2 conversions 
increased with increasing temperature up to 280°C where the conver-
sions began to level out. Figure 20 contains the plots of the weight 
percentages of CH4, c5+(oil) and wax in the hydrocarbon effluent as 
a function of temperature. The CH4 increased from 4% to 77% between 
200°C and 320°C; however, the opposite trend was found to be t rue 
for the wax which decreased from 84% to 0%. A different trend was 
observed for the oil yield, one that increased until approximately 
260°C, peaked between 260°C and 280°C, but decreased above 280°C. 
The percentages of aromatics (AR), olefins (OL) and saturates (SAT) 
were obtained from the FIA analysis of the oil fraction for each 
evaluation period except for the period at 200°C, due to the lac k 
of available sample, and are depicted in Figure 21. The trends in 
aromatic and olefin yields appeared to behave in an opposite manner. 
Ta
bl
e 
12
: 
C
at
al
lt
ic
 R
es
ul
ts
 o
f 
th
e 
8.
13
%
 Ru
/Z
SM
-5 
C
at
al
ls
t 
CO
NV
ER
SIO
N 
RE
AC
TO
R 
EF
FL
UE
NT
 
HY
DR
OC
AR
BO
N 
PR
OD
UC
T 
LI
QU
ID 
PR
OD
UC
T 
TE
MP
ER
AT
UR
E 
(%
) 
DI
ST
RI
BU
TI
ON
 (
WT
. %
) 
DI
ST
RI
BU
TI
ON
 
(W
T. 
%)
 
DI
ST
RI
BU
TI
ON
 (
%)
 
( 
0 
c) 
co
 
H2
 
co
 
H2
 
co
2 
H 2
0 
HC
 
CH
4 
c2
 
C3
 
C4
 
C5
+ 
WA
X 
AR
 
OL
 
SA
T 
20
0 
21
 
39
 
76
 
6 
0 
7 
12
 
4 
0 
1 
2 
9 
84
 
22
0 
30
 
54
 
67
 
4 
0 
16
 
13
 
5 
1 
3 
3 
20
 
68
 
3 
76
 
21
 
24
0 
34
 
65
 
61
 
3 
0 
20
 
16
 
9 
1 
3 
4 
31
 
53
 
2 
79
 
19
 
26
0 
36
 
73
 
59
 
3 
0 
22
 
16
 
17
 
2 
5 
5 
49
 
23
 
2 
86
 
12
 
28
0 
43
 
90
 
59
 
1 
1 
16
 
23
 
31
 
3 
4 
6 
47
 
9 
7 
80
 
13
 
30
0 
40
 
91
 
55
 
1 
3 
23
 
18
 
60
 
5 
5 
7 
23
 
0 
50
 
14
 
36
 
32
0 
37
 
90
 
57
 
1 
4 
21
 
18
 
77
 
6 
4 
4 
10
 
0 
78
 
4 
18
 
I 
co
 
w
 
84 
Figure 20: The percentage CH4, oil and wax in the hydrocarbon (HC) 
product of the 8.13% Ru/ZSM-5 catalyst o 
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Figure 21: The percentage aromatics, olefins and saturates contained 
in the oil fractions of the 8.13% Ru/ZSM-5 catalyst. 
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Beginning at a high percentage, the olefins rapidly declined after 
280°C. Initially, the aromatics are produced in very small yields; 
however, the aromatic content increased drastically after 280°C. The 
saturate content varies slightly in comparison to the aromatics and 
olefins with its peak production at 300°C. 
From this preliminary study, the chosen temperature range for 
evaluating other Ru/ZSM-5 catalysts was determined to be 260°C to 
320°C. The reasons for choosing this temperature range are because 
the highest yield of oil occurred around 260°C to 280°C, and the 
highest percentages of aromatics were produced at 300°C and 320°C. 
These temperatures, also, produced high conversion percentages of 
H2 and CO. Thus, during the remainder of this study catalysts were 
evaluated over the temperature range from 260°C to 320°C with two 
48 h evaluation periods at each temperature. 
2. Further Evaluations 
Three catalysts were evaluated; 0.98% Ru/ZSM-5, 2.88% Ru/ZSM-5 
and 7.32% Ru/ZSM-5. Initially, the H2 and CO conversions were 
reported, and the plots are represented in Figure 22. The percent-
ages are plotted in reference to the number of days the catalyst was 
under evaluation conditions with the solid lines joining the two 
evaluation periods at the same temperature and the dotted lines 
indicating a change in the temperature. From Figure 22, increases 
in the conversions are observed as the weight percent loading of 
ruthenium is increased. However, if the conversions are normalized 
to 1% Ru when reported, as in Figure 23, the trends are different. 
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Figure 22: The H2 and CO conversions for the Ru/ZSM-5 catalysts . 
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Figure 23: The H2 and CO conversions normalized to 1% Ru for the 
Ru/ ZSM-5 catalysts. 
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From Figure 23, the plots indicate that the 0.98% Ru/ZSM-5 catalyst 
has the greatest percent conversion when the percentage of Ru is 
considered, and there is a decrease in the conversions as the amount 
of Ru increases. These trends indicate that the 0.98% Ru/ZSM-5 
catalyst is more efficient for the conversi&q of the synthesis gas. 
Due to the expense and limited availability of Ru 3(C0) 12 , the aspect 
that the lower percentage of Ru is producing the highest conversion 
per ruthenium is important from an economic viewpoint. 
The production of desirable products is another important aspect 
of the catalytic evaluation. For the total effluent, the weight 
percentages of hydrocarbons (HC), C02 and H20 are shown graphically 
in Figure 24. The production of the hydrocarbons remained fairly 
constant; the rise in the temperature did not produce a drastic 
change. The yield of hydrocarbons increased with Ru loading, since 
the overall conversions are higher. The co2 production is repres-
ented in Figure 24. At 260°C and 280°C there was a low yield of co2 
which increased with metal loading. The trend of increasing C02 with 
increased Ru loading still exists at 300°C and 320°C; however, the 
production of C02 increased for the 2.88% and 7.32% Ru/ZSM-5 catalysts. 
The next product to be considered is H20 which increased with increas-
ing metal loading but decreased with the increase in temperature. 
The production of the co2 and H20 follow opposite trends, reflecting 
a shift in the water gas shift reaction above 300°C. Low yields of 
co2 and H20, undesirable products, were produced by the 0.98% Ru/ 
ZSM-5 catalyst increasing its desirability as a catalyst for synthesis 
gas conversion. 
Figure 24: The weight percentages of the hydrocarbons (HC), co2 
and H20. 
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The hydrocarbon products were further analyzed, and Figure 25 
shows the weight percentages of CH4, oil and wax in the total hydro-
carbon product. From the top two plots, the trends for the percent-
ages of CH4 and oil appear to be opposite to one another~, The CH4 
generally increased with the raise in temperature and with decreasing 
Ru percentage. However, the oil fraction decreased with the increase 
in temperature, but increased with increasing Ru loading. In this 
study, CH4 is considered to be an undesirable product while oil is 
a desirable product. Also, the 7.32% and 2.88% Ru/ZSM-5 samples are 
quite similar in their CH4 and oil production with higher yields of 
oil and lower yields of CH4 in comparison to the 0.98% Ru/ZSM-5 
catalyst. Wax is the other hydrocarbon product to be considered, 
and from the plot, it is observed that the wax production is essen-
tially zero for the 2.88% Ru and 0.98% Ru catalysts. However, for 
the 7.32% Ru catalyst wax was produced at 260°C but not at the 
higher temperatures. Above 260°C, the acid sites in the ZSM-5 
become effective for the cracking of the high molecular weight 
hydrocarbons produced by the 7.32% Ru/ZSM-5 catalyst. 
The results from the FIA analysis of the oil fractions are 
plotted in Figure 26. The 0.98% Ru/ZSM-5 catalyst produced signi-
ficantly more aromatics than the other two catalysts. The 7.32% 
Ru/ZSM-5 and 2.88% Ru/ZSM-5 samples produced very low yields of 
aromatics at 260°C and 280°C; however, the production increased at 
300°C and 320°C. With the olefin production the trend was the 
opposite; at 260°C and 280°C, the 7.32% Ru and 2.88% Ru samples 
produced high yields of olefins which decreased significantly at 
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Figure 25: The weight percentages of CH4, oil and wax in the total 
hydrocarbon product for the Ru/ZSM-5 catalysts. 
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Figure 26: The FIA results obtained on the oil fraction of the 
Ru/ZSM-5 catalyst products. 
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300°C and 320°C. However, the overall yield of olefins for the 0.98% 
Ru/ZSM-5 catalyst was fairly low. Initially, the production of sat-
urates for all three samples was approximately the same. However, at 
300°C the percentages of saturates increased for the 7.32% and 2.88% 
Ru/ZSM-5 catalysts but began to decrease for the 0.98% Ru/ZSM-5 cata-
lyst. Very high percentages of saturates were never obtained for 
these samples probably due to the cracking of high molecular weight 
hydrocarbons by the acid sites in the ZSM-5. 
also known to aromatize the olefins produced. 
These ~,~id sites are 
When the temperature 
was increased from 280°C to 300°C there was a decrease in the produc-
tion of gaseous and liquid olefins while the aromatics in the liquid 
product increased. At or above 300°C, the acid sites aromatize the 
c2 to c11 olefins producing the high yield of aromatics in the liquid 
product. The research octane number is known to increase when the 
aromatics and/or branched olefins in the gasoline sample increases; 
therefore, the 0.98% Ru/ZSM-5 catalyst would be the sample to study 
further if a high research octane number is desired. 
When adequate oil samples were available, simulated distilla-
tion data was also obtained for the catalysts. These results are 
listed in Table 13, and lower percentages were obtained for the 260°C 
samples in comparison to the percentages for the other oil samples. 
The increase in aromatics and decrease in high molecular weight hydro-
carbons are probably due to the activity of the acid sites in the 
ZSM-5 causing a higher percentage of the oil obtained above 280°C to 
boil below 204°C. Since gasoline hydrocarbons are desired, the oil 
obtained above 280°C would be preferred. 
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Table 13: Simulated Distillation Results for 
the Ru/ZSM-5 Catalysts 
TEMPERATURE EVALUATION BOILING BELOW 
% Ru/ZSM-5 (oc) NUMBER 204°C ( %) 
0.98 280 3 83 
280 4 83 
300 5 84 
300 6 83 
2.88 260 1 76 
260 2 74 
280 3 83 
280 4 80 
300 5 85 
300 6 86 
320 7 85 
320 8 86 
7.32 260 1 69 
260 2 68 
280 3 82 
280 4 81 
300 5 85 
300 6 84 
320 7 84 
320 8 83 
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3. Conclusions 
The bifunctional catalysts of Ru/ZSM-5 were studied in order to 
investigate the catalytic activity of the ruthenium and the product 
selectivity of the ZSM-5. Three ruthenium loadings were studied to 
indicate the effect of percent metal loading on the activity of the 
catalyst. The ISS characterization data reported for the three Ru/ 
ZSM-5 catalysts showed that the highest loading of ruthenium still 
maintained a Ru to Si-Al ratio of over one even after 65 min of 
. \ 
sputtering time. However, the ratios for the 0. 98% and z, 88% Ru 
loadings were significantly lower after sputtering. These results 
indicate that the catalyst of the highest Ru loading contains layer-
ing of the metal species over the surface of the support. This lay-
ering does not increase the available metal sites for synthesis gas 
conversion in the 7.32% Ru/ZSM-5 sample in comparison to the 2.88% 
Ru/ZSM-5 sample which explains the similarity of the catalytic 
activity of these two samples. Therefore, an increase in the Ru 
loading above ~3% does not cause an increase in catalytic activity. 
The ZSM-5 plays an important role in this bifunctional catalyst 
system of Ru/ZSM-5. This zeolite is known to contain acid sites 
capable of aromatizing olefins and cracking high molecular weight 
hydrocarbons (51,54,55,115,116) along with product selectivity due 
to the size and arrangement of the channel structure (37,43,55,61, 
117). It has been reported that at temperatures below 300°C the 
inner surface of the H-ZSM-5 channels is not used effectively because 
higher temperatures are necessary to enable the reactants and products 
to flow within the channels of the ZSM-5 (61). Therefore, the increase 
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in aromatics and decline in olefins for the 2.88% Ru/ZSM-5 and 7.32% 
Ru/ZSM-5 samples at 300°C occurred due to the ability of the acid 
sites with in the ZSM-5 structure above 300°C to aromatize gaseous 
and liquid olefins produced by the catalysts. The surface acid 
sites are believed to cause the cracking of the heavier molecular 
weight products to lighter products since the diffusion of the heavier 
products into the ZSM-5 structure is severely hindered (51). For the 
7.32% Ru/ZSM-5 catalyst wax was produced at 260°C; howe~~r, the acid 
sites became active in the cracking of high molecular weight hydro-
carbons above 260°C. This high loading of Ru probably caused the 
blockage of some of the surface acid sites at 260°C leading to the 
wax production. 
This study on the three Ru/ZSM-5 catalyst indicated that the 
desired product can be obtained in relatively high yields when the 
Ru loading and temperature are selected. The product distribution 
for the 7.32% and 2.88% Ru/ZSM-5 catalysts are similar; however, the 
products obtained from the 0.98% catalyst were different from the 
other two catalysts. The aromatic content for the 0.98% catalyst 
was consistantly higher than the 2.88% and 7.32% samples. Therefore, 
if a gasoline high in aromatics is desired the 0, 98% Ru/ZSM-5 cata-
lyst would warrant further study. The temperature affected the yield 
of the oil. The peak oil production occurred around 260°C to 280°C. 
Thus, if the yield of the oil is the main concern the catalysts 
should be investigated at these two temperatures. 
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D. Other Catalytic Systems 
Ruthenium has been known for its production of high molecular 
weight hydrocarbons (12) and methane (7) under Fischer-Tropsch 
conditions in the conversion of synthesis gas. Numerous studies 
have been carried out on Ru/Al 2o3 and Ru/Si02 catalysts which pro-
duce various gaseous, liquid and solid hydrocarbons from synthes i s 
gas (111,118-122). However, the product selectivity by these cata-
lysts was found to be poor and methane was still the major product 
at temperatures above 250°C. The aromatic content for the oil 
fraction produced by these Ru/ Al 2o3 and Ru/S i 02 catalysts was quite 
low or zero. 
However, it is possible to restrict the chain length of the 
hydrocarbons produced in the Fischer-Tropsch synthesis by employing 
a zeolite as the support. Greater product selectivity was observed 
when Ru was supported on X zeolite, Y zeolite, faujasite type zeo-
lites and ZSM-5 (108,113,114,123-127) . Since Ru/ZSM-5 catalysts 
were studied by Huang and Haag, these samples are of interest in 
order to draw comparisons to the Ru/ZSM-5 catalysts prepared by the 
extracti on technique. Huang and Haag prepared Ru/ ZSM-5 catalysts by 
both impregnation and dry grinding (127). The GHSV, pressure, 
H2:CO ratio, temperature and other conditions employed by Huang 
and Haag were different from those used during the study reported 
in this thesis. However, if the 1% Ru/ZSM-5 catalysts from each 
study are compared, it was noted that the two samples were similar 
in their percent CO and H2 conversions. The impregnated sample 
prepared by Huang and Haag produced slightly higher yields of oil 
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which were lower in aromatics in comparison to the EX catalyst (127). 
Both studies indicated that zeolites offer the key for product selec-
tivity in the Fischer-Tropsch reaction. 
In the area of the Fischer-Tropsch reaction, many supported 
metal catalysts have been investigated for their catalytic ability o 
A metal corrmonly used in catalytic systems is iron which is in the 
same Periodic Table group as ruthenium. A 7.1% Fe/ZSM-5 catalyst 
prepared by the extraction technique (128) and the 7.32% Ru/ZSM-5 
\ 
catalyst at 280°C and 300°C are compared, and Table 14 lists ' the 
data reported for these two catalysts. The percent conversions are 
higher for the Ru catalyst in comparison to the Fe catalyst indic-
ating a greater activity for the Ru. At 280°C, the CH4 production 
is quite similar for both samples; however, the production of oil 
for the Ru catalyst was twice that of the Fe catalyst. At 300°C 
the difference in oil production is not as great. The FIA results 
on the oil fractions do not differ significantly for the two cata-
lysts at 280°C, but at 300°C the aromatic and olefin production does 
differ for these samples. The Ru catalyst gives rise to much higher 
yields of aromatics while the Fe catalyst produced more olefins. 
From these results, Ru was determined to be more active in the con-
version of synthesis gas, in agreement with the work reported by 
Vannice on the production of methane (45). The Fe/ZSM-5 sample does 
not produce high yields of CH4 obtained with the Ru/ZSM-5 catalyst. 
This comparison indicates that if olefins are desired in the oil 
product then the Fe catalyst would be preferred; however, if aromatics 
are needed the catalyst of choice would be the Ru/ZSM-5 catalyst over 
the Fe catalyst. 
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IV. CONCLUSIONS AND FUTURE WO RK 
Ru/ZSM-5 catalysts were chosen for this study because i t was 
anticipated that these catalysts would demonstrate a high degree of 
efficiency and product selectivity for the Fisc~~r-Tropsch react i on. 
When the 7.32% Ru/ZSM-5 catalyst was compared to a 7.1% Fe/ ZSM-5 
catalyst prepared by the same technique, the Ru catalyst caused 
higher CO and H2 conversions than the Fe catalyst indicating that 
the Ru was more active than the Fe in converting the synthesis gas 
to products. Also, the percent conversions were only slightly lower 
for the 2.88% Ru/ZSM-5 sample in comparison to the 7.32% Ru/ ZSM-5 
catalyst and remained higher than the converisons for the 7.1% 
Fe/ ZSM-5 catalyst. Therefore, Ru does appear to exhibit increased 
efficiency for synthesis gas conversion compared to the Fe. The 
product selectivity of the catalysts occurred due to the use of a 
zeolite. Al 2o3 and Si02 have been reported to show poor selecti vity 
when used as supports for Ru catalysts. Thus due to the structu re 
of the zeolites, the product selectivity for oil production does 
improve. ZSM-5 limited the hydrocarbon chain length above 260°C 
and produced high yields of aromatics above 300°C. 
Furthennore, it is concluded from the characterization data 
that a high degree of dispersion of the Ru over the surface of t he 
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ZSM-5 was obtained by the extraction preparation technique, and that 
the particle size could be increased by calcination of the samples. 
The metal species on the AP and H-500 samples was d'etermined to be 
Ru02 which was reduced to Ru 0 for the catalytic evaluation. Evalu-
ation of the catalysts indicated that the temperature and metal 
loading effected the product distribution. Also, the 7.32% Ru/ ZSM-5 
sample produced quite similar catalytic results to the 2.88% Ru/ ZSM-5 
catalyst indicating that the increase loading did not produce mo re 
activity for the Fischer-Tropsch reaction. These results and t he 
ISS data indicated that there was layering of the Ru on the ZSM- 5 
surface which may be causing blockage of some of the ZSM-5 channels 
or acid sites causing no significant increase in activity for t he 
conversion of synthesis gas. 
Investigations of these Ru/ ZSM-5 samples should be continued in 
order to gain more insight into the composition and catalytic abili ty 
of these catalysts. Since calcination affects the particle size of 
the metal species, the catalytic activity may also be infl uenced. 
Calcination influenced the catalytic activity for a 16% Fe/ZSM-5 
catalyst prepared by the extracti on technique by increasing the H2 
and CO conversions and oil yield (129); therefore, similar trends may 
be obtained for the H-500 Ru/ZSM-5 samples. Furthermore, in this 
study the affects of the pressure, space velocity or H2:cO ratio were 
not investigated. Huang and Haag indicated that these parameters 
influence the product distribution for Ru/Al 2o3 and Ru/ZSM-5 catalysts 
(127). Therefore, the evaluation conditions may be optimized once 
these parameters are investigated for the Ru/ZSM-5 samples used in 
this study. 
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